). The effect of physical activity on executive function: A brief commentary on definitions, measurement issues, and the current state of the literature.
An important development in this line of research was a recent shift in focus from speed-ofprocessing tasks to executive function tasks. Executive function is a higher order cognitive ability that controls basic, underlying cognitive functions for purposeful, goal-directed behavior and that has been associated with frontal lobe activity. This shift in focus was largely in response to research conducted by Kramer and colleagues. In 1994 , based on neuroimaging evidence suggesting that the effects of chronic physical activity were most evident in frontal lobe structure and function, Kramer and his colleagues hypothesized that the effects of physical activity would be most evident for frontally dependent tasks such as executive function tasks (Kramer, Humphrey, Larish, Logan, & Strayer, 1994) . Kramer et al. (1999) then demonstrated empirical support for this hypothesis by showing that chronic physical activity that improved aerobic fitness was particularly beneficial for executive function tasks (i.e., task switching, response compatibility, and stopping). Later, Colcombe and Kramer (2003) provided additional support for this hypothesis through the results of a meta-analytic review of 18 randomized controlled trials (RCTs) of chronic physical activity and cognition conducted with older adults. When statistically summarized, results indicated that chronic physical activity is particularly beneficial for executive function tasks (effect size = 0.68), as compared with controlled tasks (effect size = 0.46), spatial tasks (effect size = 0.42), and speeded tasks (effect size = 0.27). These findings have been viewed as especially encouraging given that executive function encompasses many cognitive abilities that have proven essential for daily living (Anderson, Jacobs, & Anderson, 2008) . In addition, Salthouse, Atkinson, and Berish (2003) indicated that some specific executive functions (i.e., inhibition, updating, and time sharing) are potential mediators of age-related cognitive decline in normal adults, supporting the hypothesis that physical activity might serve to delay typical age-related declines in cognition.
However, the focus on executive function in the physical activity and cognition research is a relatively recent development, and researchers interested in studying the relationship between physical activity and executive function might not be aware of the controversy surrounding the term executive function and the relevant measurement issues. Therefore, the purpose of this article is to introduce definitions of executive function and behavioral methods of assessment, to review our current understanding of the relationship between physical activity and executive function, and to introduce relevant considerations for future studies examining this relationship.
Definition of Executive Function
Executive function, also known as controlled cognition, resource-demanding cognition, or executive control, is generally defined as a "higher level" or "meta-" cognitive function that manages other more basic cognitive functions (Alvarez & Emory, 2006; Baddeley, 1986; Salthouse, 2007) and the regulation of emotions and attention (Bell & Deater-Deckard, 2007; Blair & Diamond, 2008; Lewis et al., 2008) necessary for purposeful and goal-directed behaviors. In the physical activity literature, the focus thus far has been on the cognitive control aspects of executive function, and that is the focus of the discussion to follow. Although the broad definition of executive function as a "central executive" (Baddeley & Hitch, 1974) is fairly well accepted, there is substantial variety in the description of the specific cognitive functions that underlie executive function (Jurado & Rosselli, 2007) . In attempting to identify and describe these subcomponents of executive function, researchers have relied on conceptual, psychometric, and neuropsychological techniques. Kramer et al. (1994) first described executive function in the physical activity literature as consisting of the behaviors of planning, task coordination, initiation and stopping of behaviors, and processing of semantic information. Since that time, the specific descriptors used to describe the subcomponents of executive function have been modified slightly so that executive function in the physical activity literature is now typically described as planning, scheduling, inhibition, and working memory (Colcombe & Kramer, 2003; Hillman et al., 2006; Kramer et al., 1999) . These cognitive functions are consistent with the broad definition of executive function and are congruent with the conceptually based aspects of executive function that have been proposed by others (Anderson, 2002; Banich, 2004; Lezak, Howieson, & Loring, 2004) .
In contrast to providing conceptual definitions of executive function that focus on the particular subcomponents of this construct, other researchers have focused their definition of executive function on the participant's familiarity with the task. For example, Shallice (1990) pointed out that executive functions are not critical for the execution of routine, well-learned behaviors but are specifically activated in novel or unfamiliar circumstances. Hughes and Graham (2002) used the classic distinction between automatic and controlled action and indicated that executive function involves planning and decision making, error correction, the implementation of a novel series of actions, performance in situations that are dangerous or technically difficult, and performance that requires overcoming a robust habitual response. Similarly, Rabbitt (1997) described executive functions as those dealing with novelty, planning and acting on strategies for performance, and using feedback to alter subsequent responses. Thus, these definitions reflect an emphasis on executive function as critical for performance in novel situations or when the performer is required to inhibit a previously learned response.
Other researchers have used psychometric methods to attempt to identify the underlying factors of executive function. Using structural equation modeling, Miyake, Friedman, et al. (2000b) defined executive function as consisting of three basic executive processes: mental set shifting ("shifting"), information updating and monitoring ("updating"), and inhibition of prepotent responses ("inhibition"). Based upon their data, the authors commented that even though the three executive functions are moderately correlated, they are also clearly distinguishable, thus suggesting that these are the three unique subcomponents of executive function.
Another typical approach that has been used to define executive function is based on the performance of frontal lobe-related neuropsychological tasks (Keil & Kaszniak, 2002; Romine & Reynolds, 2005) . Functioning of the frontal lobe is critical for the performance of complex cognitive functions (Demakis, 2004) , and frontal lobe function has been generally linked to executive function. Although the linkage between frontal lobe function and executive function is not a perfect relationship, the terms frontal lobe tasks and executive function tasks are often used interchangeably (Anderson, 1998; Keil & Kaszniak, 2002) . Some researchers (e.g., Cummings, 1993; Duke & Kaszniak, 2000; Keil & Kaszniak, 2002) have used evidence from patients with brain damage to the frontal lobe to identify cognitive tasks that are impaired and have inferred that these tasks are related to the construct of executive function. Others have used neuroimaging techniques to attempt to determine the linkage between frontal lobe activity and performance of specific cognitive functions (Carter, Mintun, & Cohen, 1995; Gilbert & Burgess, 2008; Taylor, Kornblum, Lauber, Minoshima, & Koeppe, 1997; Zakzanis, Mraz, & Graham, 2005) . The interpretations of executive functions that result from these neuropsychological methods are generally consistent with conceptual and psychometric definitions of executive function.
The premise that executive function describes higher order cognitive functions that are linked to frontal lobe activity is maintained across all of these definitions. However, it is certainly clear that the particular cognitive functions proposed to underlie executive function are not immutable. This is a critical consideration because the definition of executive function and the method for measuring the construct go hand in hand. In fact, Salthouse (2005) argues that executive function is so poorly defined that it is not a construct that can be considered independent from other cognitive abilities. Based upon an analysis of two large data sets, he reported that executive function variables were strongly related to reasoning, perceptual speed abilities, and fluid intelligence (Salthouse, 2005; Salthouse & Davis, 2006) . Evidence of these relationships is logical given that executive function is described as the higher order "executor" that oversees several cognitive functions that represent its subcomponents (Alvarez & Emory, 2006; Baddeley, 1986; Salthouse, 2007) . However, based upon this conclusion, Salthouse (2005) has called for caution in using executive function as though it represents a construct that is distinct from other cognitive dimensions.
The impact of the wide variability in how executive function is defined is important because the particular definition of executive function used to guide the selection of cognitive tasks to assess the construct then influences our ability to interpret the results. Researchers examining the effect of physical activity on executive function are encouraged to consider the complexity of the executive function construct and to give careful consideration to whether to include multiple measures of executive function to identify the effect on the broad construct of executive function or to focus on a specific executive function (e.g., shifting, inhibition, or updating) in their research (Miyake, Emerson, & Friedman, 2000a; Miyake et al., 2000b; Salthouse, 2007) .
Assessment of Executive Function
The discussion related to the definition of executive function leads directly to a consideration of how to assess executive function. Tasks that are appropriate for the assessment of executive function have typically been identified based either on face validity (Salthouse, 2005) or on the previously described conceptual overlap between executive function and frontal lobe function (Baddeley, Della Salla, Gray, Papagno, & Spinnler, 1997; Bryan & Luszcz, 2000; Keil & Kaszniak, 2002) . Given that executive function is an umbrella term used to describe several highlevel cognitive functions that regulate other more basic cognitive processes, its measurement is challenging. In fact, Gilbert and Burgess (2008) point out that even though performance on various measures of executive function tends to be positively correlated, the strength of the relationship is generally low, suggesting, as Miyake et al. (2000b) did, that executive function does not represent a unitary construct.
One of the proposed solutions to the difficulties inherent in trying to find a measure of the complex construct of executive function is to apply multiple assessments that should, as a group, provide a good measure of executive function. Miyake et al. (2000a) suggested that because it is impossible to find a "pure" executive function measure, multiple neuropsychological measures should be used to minimize "task impurity" and to assess the broad construct. Another solution is to be clear in understanding the subcomponent(s) that are assessed by a particular behavioral measure (Jurado & Rosselli, 2007) and to use care in not overgeneralizing to the broader construct of executive function. Regardless of which approach is taken, it is important to be aware of the tasks that have been established as appropriate measures of executive function.
Given the large number of tasks that have been used to assess the executive function construct, it is not our goal to describe all that have been categorized as executive function tasks. Rather, we identify the most commonly reported executive function tasks recognized in eight recent neuropsychological reviews (Alvarez & Emory, 2006; Bryan & Luszcz, 2000; Demakis, 2004; Keil & Kaszniak, 2002; Manchester, Priestley, & Jackson, 2004; Romine & Reynolds, 2005; Salthouse et al., 2003; Schillerstrom, Horton, & Royall, 2005) , and we then provide a brief introduction of the most frequently used tasks identified from these reviews. In addition, the tasks identified in these reviews are compared with the top-10 executive function instruments identified by Rabin, Barr and Burton (2005) , who conducted a comprehensive assessment of use within the field of clinical neuropsychology.
From the eight published neuropsychological reviews and the top-10 clinical tests of executive function identified by Rabin et al. (2005) , 29 tests have been commonly identified as measures of executive function (see Table 1 ). Of these 29 tests, the Wisconsin Card Sorting Test, the Stroop Test, and the Trail Making Test are most frequently reported as measures of executive function, and, therefore, brief descriptions of these measures are provided. 
Wisconsin Card Sorting Test
The Wisconsin Card Sorting Test (WCST), which has been reported to be commonly used by over 75% of neuropsychologists in clinical settings, is the most popular test of executive function (Delis, Kaplan, & Kramer, 2001; Greve, Stickle, Love, Bianchini, & Stanford, 2005; Rabin et al., 2005) . The WCST requires participants to sort cards based upon one of the three characteristics of the card (color, form, number) and using feedback from the examiner to identify the appropriate sorting characteristic, which changes after every 10 cards. Performance on this task requires that the participant identifies the characteristic of the card that is being used for sorting, maintains the task set until feedback demands otherwise, avoids the tendency to use an incorrect sorting characteristic, and inhibits the previous response when it is no longer appropriate (Salthouse et al., 2003) . Performance on the WCST is sensitive to frontal lobe damage and is purported to assess the executive functions of switching, inhibition, updating, and selective attention (Alvarez & Emory, 2006; Greve et al., 2005) .
Stroop Test
The Stoop Test (Stroop, 1935) , also referred to as the color-naming task, is another frequently used measure of executive function. In this task, participants are required to identify the color of the stimulus in each of three conditions. In the word condition, also known as the neutral condition, the stimulus is an irrelevant symbol string printed in colored ink, such as XXXX or OOOO printed in red ink, or a color patch such as a red square. In the color condition, also known as the congruent condition, the stimulus is a color name that matches the ink color in which it is written, such as RED printed in red ink. In the color-word condition, also known as the interference or incongruent condition, the stimulus is a color name printed in a different ink color, such as BLUE printed in red ink. In the examples provided here, the correct answer is red for all conditions. In all three conditions, participants respond to a fixed number of stimuli and the time to complete the task is used as the measure of performance.
Performance on the word and color conditions has typically been used as a measure of speed of processing. On the other hand, performance on the color-word condition has been used as a measure of executive function. Several different scoring methods have been used for the colorword condition, including simply using the time to completion of the color-word condition, calculating the difference between time for the color-word condition and time for either the color or the word condition, or calculating the difference between time for the color-word condition and the average time for the color and word conditions. The Stroop Test is described as assessing the ability to inhibit a habitual response, although selective attention and shifting ability might also be involved (Miyake et al., 2000b; Pachana, Thompson, Marcopulos, & Yoash-Gantz, 2004) .
Trail Making Test
The Trail Making Test (TMT) is a timed paper-and-pencil task that consists of two separate parts. Part A (TMT-A) involves drawing a line to connect consecutive numbers (i.e., from 1 to 25). Part B (TMT-B) requires the participant to connect numbers and letters in an alternating progressive sequence (i.e., 1 to A to 2 to B). To perform the TMT successfully requires a variety of abilities, including number recognition, visual scanning with a motor component, and mental flexibility (Corrigan & Hinkeldey, 1987) . In addition, performance on the TMT-B has increased requirements (as compared with the TMT-A) in terms of task-set inhibition ability, cognitive flexibility, and the ability to maintain a response set (Arbuthnott & Frank, 2000; Kortte, Horner, & Windhan, 2002) . To isolate the executive function requirements of the TMT-B from the general processes of perceiving and responding, the difference between TMT-B and TMT-A or the ratio of TMT-B to TMT-A has typically been used as the measure of executive function (Arbuthnott & Frank, 2000; Salthouse et al., 2003) .
Current Evidence Regarding the Effects of Physical Activity on Executive Function
Given the challenges in defining executive function and the large number of tests that have been identified as measures of executive function, it is perhaps not surprising that the early work in the area of physical activity and executive function was designed merely to establish a basic understanding of this relationship. We believe our field is now ready to further advance our understanding by addressing some of the subtleties of the relationship through a more explicit consideration of the complex construct of executive function and of the current state of the literature. We reviewed the extant literature on physical activity and cognitive performance to help provide direction for future research.
First, we examined the cognitive measures used in empirical studies included in two metaanalyses on physical activity and cognitive function (Etnier et al., 1997 (Etnier et al., , 2006 . The cognitive measures used in these studies were categorized as being executive function tasks (if they were included in Table 1 ) or as nonexecutive function tasks. Although not an exhaustive search, an examination of the 152 studies identified in this fashion is informative with respect to understanding the current status of the research on physical activity and executive function.
Of interest is the fact that relatively few studies report on the effects of physical activity on tasks identified by neuropsychologists as measures of executive function. Of the over 128 different cognitive tests used in the empirical studies included in these meta-analyses, only 10 of these are tests that have been identified as commonly used measures of executive function (listed in Table  1 ). This is likely to be indicative of the relatively recent interest in executive function in exercise psychology and is illustrative of how little data we actually have available on the effects of physical activity on executive function. Another way of looking at this is that only 10 of the 29 executive function tasks identified as being most commonly used in the neuropsychology literature have been used in studies testing the relationship between physical activity and cognitive performance. The lack of overlap between measurements used in the neuropsychological field and in the physical activity literature may be indicative of a lack of consistency in terms of how executive function has been operationalized in the two fields.
As a second step in reviewing the extant literature, we considered the two meta-analytic reviews of the literature on physical activity and cognitive performance that were focused specifically on executive function. Colcombe and Kramer (2003) meta-analytically reviewed 18 RCTs that were published between 1966 and 2001 and that tested the effects of chronic physical activity on cognitive performance by older adults (55-81 years). Angevaren et al. (2008) statistically analyzed the results of 11 RCTs of physical activity on cognitive function that were available in 2005 and that focused on cognitively normal adults over 55 years of age. Two comments with respect to these reviews are of note. First, the overall average effect sizes for executive function tasks reported by The difference in effect size might be due to a number of factors (or a combination thereof). One possible reason for the differences is that Colcombe and Kramer included older adults with cognitive impairment in their review whereas Angevaren et al. included only studies with healthy older adults. This explanation for the differing effect sizes is consistent with the fact that Heyn et al. (2004) reported an effect size of 0.57 for randomized trials testing the effects of physical activity on cognitive performance by older (>65 years) impaired adults. A second explanation for the disparate findings is that the authors used slightly different inclusion criteria resulting in only five studies appearing in both meta-analyses. If the variability in the overall effect sizes from these two meta-analyses is due to the different samples of studies included, this clearly implies that neither effect size should be considered a perfectly reliable indicant of the population effect size. A third possible reason for the discrepant effect sizes may be related to the particular method of coding studies as testing executive function. Angevaren et al. identified tasks as measures of executive function based on existing neuropsychological reviews (Kessels, Aleman, Verhagen, & Luijtelaar, 2000; Lezak et al., 2004) . Colcombe and Kramer did not reference their method for identifying studies as measures of executive function and included tasks such as the dementia scales, sequence learning, supraverbal span, and remote memory, which have not consistently been identified as executive function tasks in the neuropsychological field. Regardless of the explanation for the differing results, it is important to recognize that the moderate and promising effect size reported by Colcombe and Kramer for executive function was not observed in a more recent metaanalysis of RCTs with older adults and, therefore, might not provide a robust estimate of the effect that can be attained in a given empirical study.
A second comment with respect to these meta-analyses is that it is important to recognize that both of these meta-analytic reviews (Angevaren et al., 2008; Colcombe & Kramer, 2003) were focused on studies implementing chronic physical activity interventions with older adults. Thus, researchers should recognize that these effect sizes are not appropriate to support power analyses for studies with other populations or for studies assessing the effects of acute exercise on executive function.
Another relevant comment that is apparent from reviewing the extant literature is that only a handful of studies have examined executive function using multiple measures (e.g., Davis et al., 2007; Dietrich & Sparling, 2004; Kramer et al., 1999) , whereas most physical activity studies have included only one or two measures of executive function (e.g., Bixby et al., 2007; Colcombe et al., 2004; Coles & Tomporowski, 2008; Erickson et al., 2007; Hillman, Castelli, & Buck, 2005; Hillman, Snook, & Jerome, 2003; Hogervorst, Riedel, Jeukendrup, & Jolles, 1996; Kamijo et al., 2004a; Kamijo et al., 2004b; Sibley & Beilock, 2007) . Thus, the findings from these studies provide an indication of the relationship between physical activity and specific executive functions but obviously do not provide insights about aspects of executive function not assessed and may not include enough representative measures of executive function to appropriately represent the broader construct. In addition, as previously mentioned, most of the measures that have been used in the physical activity literature are not as commonly used in the neuropsychological literature, limiting our ability to compare across these fields. Lastly, when studies have used multiple measures of executive function, physical activity researchers have typically not pursued an understanding of reasons for potential task specificity in the results. This is understandable given the relative infancy of this area of research; however, future research is clearly necessary to enhance our understanding of which executive functions are most affected by physical activity.
As a final comment on the existing research, there are a number of recent empirical studies in which the flankers test or a go/no go paradigm has been used to assess executive function Colcombe et al., 2006; Colcombe et al., 2004; Erickson et al., 2007; Hillman, Belopolsky, Snook, Kramer, & McAuley, 2004; Hillman et al., 2006; Hillman et al., 2003; Kamijo et al., 2004a; Kamijo et al., 2004b; Kramer & Hillman, 2006) . The reason for choosing these particular measures of executive function is likely related to their compatibility with the use of neuroimaging or electroencephalographic techniques. These studies have allowed for an examination of the potential underlying mechanisms of frontal lobe function in furthering our understanding of the physical activity and executive function relationship. However, these tasks are not used frequently in the neuropsychology literature. Although the use of a variety of tasks to assess particular aspects of executive function (e.g., inhibition) may provide converging evidence regarding the effects of physical activity, the use of tasks that are not popular in the field of neuropsychology might also increase the challenges that face us in furthering our understanding of the relationship between physical activity and executive function because the findings from these studies are not readily comparable to the extant neuropsychological literature. Thus, researchers interested in using psychophysiological techniques to understand executive functions might consider also using tasks, such as the Stroop task, that are amenable to the use of these techniques (Langenecker, Nielson, & Rao, 2004) and that are more commonly used in neuropsychology.
Conclusion
Research examining the effect of physical activity on executive function is still in its infancy and several issues are worth consideration as we add to our understanding of this relationship. First and foremost, it is critical that researchers in this area establish a clear rationale and justification for their decision to focus on executive function as their cognitive outcome of interest. Although the moderate effect size reported for executive function tasks in the Colcombe and Kramer (2003) study is frequently used to justify a focus on executive function tasks, we believe it may be premature for researchers interested in the effects of physical activity on cognition to focus exclusively on executive function tasks particularly in cases in which their study design is dissimilar to that of the studies included in that meta-analysis. For example, researchers interested in the effects of acute exercise on cognition or on the benefits of physical activity for cognitive performance by children, young or middle aged adults, or older adults without cognitive impairment might not observe the same moderate effects as reported by Colcombe and Kramer (2003) for older adults participating in chronic exercise interventions. Second, given the breadth of the executive function construct, it is important for researchers in the area of physical activity and executive function to fully appreciate the impact that their choice of executive function measures can have on the outcome of their research. In the extant literature on physical activity and cognition, there are only a handful of studies that have used multiple of measures of executive function and there are no studies of which we are aware in which executive function has been assessed comprehensively. In future research, we encourage researchers to base their selection of executive function tasks on a theoretical framework and on empirical evidence supporting the sensitivity of the task to the particular physical activity effects of interest in the population of interest. In addition, it is recommended that researchers consider using multiple measures of executive function to assess the construct more broadly, to minimize the effects of task impurity on the outcomes (Miyake et al., 2000a) , and to advance our understanding of the task specificity of the effects.
Third, there is evidence indicating that executive function develops with increasing age in children (Anderson, 2002) , suggesting that physical activity might be particularly beneficial for this age group. Although limited, there is evidence that fitness level is positively associated with executive function in children (Buck, Hillman, & Castelli, 2008; Hillman et al., 2005) and that children who participate in a 15-week physical activity program experience significant improvements in executive function (Davis et al., 2007) . These promising results suggest that further empirical research is warranted with this population.
The finding that participation in physical activity can serve to benefit cognitive functioning (Angevaren et al., 2008; Colcombe & Kramer, 2003; Etnier et al., 2006; Etnier et al., 1997; Heyn et al., 2004; Sibley & Etnier, 2003) is one that has garnered excitement in scientists, practitioners, and the general public. However, the current literature with regard to the benefits for executive function is somewhat limited in scope. As we continue to develop this body of literature, it is important that we pay attention to the extant literature in exercise psychology, neuropsychology, and other related fields so that we are specific in our definitions, exact in our operationalizing of cognitive constructs, and justified in our focus on specific types of executive function.
